The reduced nicotinamide adenine dinucleotide phosphate (NADPH)-nitrate oxidoreductase (EC 1.6.6.2) from Aspergillus nidulans was purified over 200-fold by use of salt fractionation, gel filtration, and ion-exchange chromatography. The purified enzyme was specific for NADPH and catalyzed reduction of nitrate, cytochrome c from isolated mitochondria of Aspergillus, and mammalian cytochrome c. An 7 of 7.8 was derived with sucrose density gradient centrifugation, and a Stokes radius of 6.4 nm was derived by gel filtration on Sephadex G-200. From these values, a molecular weight of 197,000 was computed, assuming v = 0.725 cm3/g. The spectral properties of the purified enzyme suggested a flavine component was present but revealed no pattern indicative of a hemoprotein. A cytochrome c, similar to the cytochrome c from isolated mitochondria, was found unassociated with the nitrate reductase after ion-exchange chromatography. No NADPH-nitrate reductase activity was detected in isolated mitochondria. Spectrally discernable reduction of the flavine component of the enzyme at 450 nm was noted after reaction with NADPH. This reduction was inhibited by p-chloromercuribenzoate but not by KCN. The addition of nitrate to NADPH reduced enzyme caused a reoxidation of the flavine component via a reaction which was inhibited by KCN but not by p-chloromercuribenzoate. The half-life of the purified enzyme at 37 C was 20 min for NADPH-nitrate reductase and 35 min for NADPH-cytochrome c reductase.
The assimilatory reduced nicotinamide adenine dinucleotide phosphate (NADPH)-nitrate reductase of Aspergillus nidulans catalyzes not only the reduction of nitrate by NADPH or reduced benzyl viologen but also the reduction of mammalian cytochrome c. In the wild type, these activities are induced in the presence of nitrate in the growth medium (7) . A variety of mutants were isolated in which one or more of these activities are defective (18) . Although three separate genes were implicated in the induced synthesis of nitrate reductase, only one is believed to function as the structural gene for the nitrate reductase protein (8) . The multiple catalytic activity of the nitrate reductase then is conceivably due to the nonspecific behavior of a single protein entity or to the relatively specific behavior of a multimeric complex. Because of the reactivity with mammalian cytochrome c, it was of interest to examine the nature of the reaction, if any, of the purified nitrate reductase of A. nidulans with the naturally occurring cytochrome c from the mito-I Present address: Department of Microbiology, University of Notre Dame, Notre Dame, Ind. 46556. chondria of the fungus. The work extends the investigations by Cove and Coddington (5) and MacDonald and Coddington (14) on the isolation and characterization of the enzyme. Evidence is also presented to support the notion that the functional enzyme contains a flavine and a metal component but lacks a cytochrome.
MATERIALS AND METHODS
The organism, growth medium, and methods of cultivation and harvesting were essentially those described by Cove (6) . All operations were conducted at 4 C unless otherwise stated. Two buffer solutions were used in 760 DON for 5 min to remove sand and debris. The supernatant fluid was centrifuged at 3,000 x g for 30 min to yield an extract which contained the bulk of the above enzyme activities and provided a more reliable basis for comparison of subsequent fractions. For purification, approximately 1,000 g (wet weight) of mycelia were suspended in 2,000 ml of 50 mm phosphate buffer (pH 7.0) and homogenized for 10 min in a Waring Blendor. The temperature of the mixture was not allowed to exceed 10 C during homogenization. Mycelial debris was removed by centrifugation at 20,000 x g for 20 min; the supernatant fluid (fraction 1) , which is sometimes referred to as crude extract, was saved.
Purification of the NADPH-nitrate reductase. A 1% solution of clupeine sulfate in 50 mm phosphate buffer (p1 7.0) was added slowly with stirring to fraction I in a ratio of 1:6 (v/v). After 15 min of stirring, the precipitate was sedimented at 20,000 x g for 15 min; the supernatant fluid (fraction 11) was decanted. Solid ammonium sulfate was slowly added with constant stirring to 0.45 saturation (27.7 g per 100 ml of fraction 11) . After 30 min at 4 C, the precipitate was sedimented at 20 ,000
x g for 30 min. The supernatant fluid was then brought to 0.70 saturation (17.1 g per 100 ml); after 60 min of slow stirring, the precipitate was collected by centrifugation at 20 ,000 x g for 30 min. The sediment (fraction 111) was resuspended in 50 ml of 50 mM Tris-hydrochloride buffer (pH 7.8), and 5 ml was added to a column of Sephadex G-200 (2.2 x 57 cm) equilibrated with the above buffer. The column was eluted with 50 mM Tris-hydrochloride buffer (pH 7.8) at a flow rate of 20 ml/hr. The NADPH-nitrate reductase eluted in a peak appearing just behind the material excluded by the gel (Fig. 1) . There was usually a small amount of zone broadening at the trailing edge of enzyme activity. The protein in the fractions was monitored by measurement of the absorbancy per centimeter at 280 nm (A2.).
Fractions containing at least 20% of the peak activity were pooled (fraction IV).
A column (1. was equilibrated with 50 mm Tris-hydrochloride buffer (pH 7.8), and 50 ml of fraction IV was added at a rate of 60 ml/hr. All but a small amount of NADPH-nitrate reductase was adsorbed under these conditions. The column was eluted in 2.5-ml fractions by linearly increasing the sodium chloride concentration in the buffer from 0 to 0.4 M over a total volume of 240 ml. The NADPH-nitrate reductase activity appeared in the first of three peaks eluting under these conditions (Fig. 2 ).
The fractions with at least 20% of the peak activity were pooled (fraction V), and solid ammonium sulfate was slowly added to 0.35 saturation (20.9 g per 100 ml). After I hr, the precipitate was collected by centrifugation at 20,000 x g for 30 min, and the pellet was suspended in 10 ml of 50 mm phosphate buffer, pH 7.0 (fraction VI). In certain cases in which a higher protein concentration was desired, the pellet was suspended in a smaller volume of buffer.
The solution (fraction VI) was desalted on a Sephadex G-25 column (1.5 cm x 20 cm) previously equilibrated with 50 mM phosphate buffer, pH 7.0. The eluate with the peak activity was concentrated three-to fivefold by dialysis against solid crystalline polyethylene glycol (molecular weight 6,000) at 4 C. The dialysis membrane was placed in a foil trough and sprinkled heavily with the crystals of glycol.
Preparation of mitochondrial extracts from Aspergillus. Mitochondria from Aspergillus were isolated by a modification of the methods of Watson RESULTS AND DISCUSSION Localization of NADPH-nitrate reductase in various fractions of mycelial extract. The distribution of NADPH-nitrate reductase in various centrifugal fractions after disruption of mycelia with sand is shown in Table 1 . Approximately 90% of the NADPH-nitrate reductase was detected in the soluble fraction after centrifugation at 3,000 x g for 10 min in the manner indicated. A similar distribution of activity was observed in fractions obtained after disruption with a high-speed blendor. A negligible level of NADPH-nitrate reductase activity was found associated with the isolated mitochondria from A. nidulans (fraction IV, Table 1 ). The latter fraction was compared with fraction Ill which is known to contain the bulk of mitochondria from Aspergillus (9) . By virtue of the similarities in the medium and centrifugal procedures employed, this mitochondrial preparation appears to be similar to the one described by Edelman et al. Approximately 79% of the cytochrome oxidase of the original crude extract could be detected in this fraction (fraction 111, Table 1 ). Since no cytochrome c oxidase could be detected in the ultimate soluble fraction (fraction V, Table 1 ) and since the bulk of NADPH-nitrate reductase activity was found there, it appears unlikely that the latter enzyme originated in the mitochondria. As shown later, there is some indication that a cytochrome c, possibly from the mitochondria, is distributed in the various cytoplasmic fractions following disruption of the mycelia. The functional relationship, if any, between this cytochrome c and the NADPH-nitrate reductase in Aspergillus
has not yet been elucidated.
Purification of the NADPH-nitrate reductase. The purification of the enzyme is a modification of the procedure reported by Cove and Coddington (5) . The present technique resulted in a purification of approximately 250-fold for NADPH-nitrate reductase and 150-fold for NADPH-cytochrome c reductase activity (Table  2 ). Other activities of the nitrate reductase protein, namely, reduced benzyl viologen-nitrate reductase and reduced flavine adenine dinucleotide (FADH)-nitrate reductase, were detected in fractions V and VI but these were not examined in detail during the purification.
Homogeneity of the purified NADPH-nitrate reductase. Rechromatography of fraction VI on Sephadex G-200 and DEAE-cellulose (DE-32) resulted in symmetrical peaks upon elution as described in the Materials and Methods section. The specific activity across the peak in both procedures was constant. In the case of the gel, the purified NADPH-nitrate reductase had a rate of elution (Ve) slightly higher than that of the en- (Fig. 3) . Similar bands were obtained after electrophoresis at pH 4.5 in phosphate-citrate buffer; they migrated more slowly owing to the decreased pH. The NADPH-nitrate reductase activity was found to correspond to the major band of fraction VI as well as the larger more diffuse band of fraction IV (Fig. 3) (Fig. 5) . Attempts to extract a pyridine hemochromogen from this fraction in the manner described by Garrett and Nason (10) proved unsuccessful. An absorption minimum at 450 nm resulted from reduction of the protein after addition of sodium hydrosulfite (Fig. 5 ). This reduction was not inhibited by 1 mm KCN. Difference spectra of fraction IV revealed absorption maxima at 418, 523, and 550 nm and a minimum at 450 nm. A similar difference spectrum was exhibited by those fractions which eluted behind the NADPH-nitrate reductase during gel filtration. A cytochrome c thus accompanies the nitrate reductase through gel filtration, and a portion of it appears to exist either alone or in association with a smaller protein since it characteristically elutes as a lingering member of the material in the V1.
A spectral pattern, indicative of cytochrome c, was also exhibited by that portion of the Sephadex G-200 eluate (fraction IV) which failed to adsorb on DEAE cellulose (Fig. 5) The lack of evidence for a cytochrome component in the enzyme from Aspergillus sets it apart from the enzyme in Neurospora, in which a cytochrome b5.7 was found in close association with the NADPH-nitrate reductase protein (ll). The reduction of this cytochrome b by NADPH or FADH2 and subsequent reoxidation after addition of nitrate has served to implicate cytochrome 57 cm) equilibrated with 50 mM Tris-hydrochloride buffer (pH 7.8), 1 mm 2-mercaptoethanol, and 500 gM EDTA. The sample size was I ml, and the concentration of each protein was I mg except nitrate reductase which was 1.6 mg/ml. The elution profile was determined by measuring the A280 or enzyme activity, or both. In each of three separate runs, the proteins eluted in a single symmetrical peak and in the case of the enzymes with constant specific activity across the peak.
b as a functional intermediate in the nitrate reductase complex of Neurospora. It is possible that a cytochrome component in the nitrate reductase complex of Aspergillus is dissociated during purification, which might explain the lower molecular weight for the latter enzyme. Even so, the hemoprotein does not appear necessary for reduction of nitrate by Aspergillus nitrate reductase.
The ability to react with mammalian cytochrome c is a unique characteristic of the assimilatory nitrate reductase of Aspergillus (8) and Neurospora (20) , and is one that exhibits genetic variation. Two classes of mutants which lack nitrate reductase but possess a nitrate-inducible cytochrome c reductase have been described by Pateman, Rever, and Cove (18 If the mitochondria were extracted with a solution containing 60 mm phosphate buffer (pH 7.0), 1 mm MgCl2, 0.5 mm EDTA, and 1.5 mg of sodium deoxycholate per ml for 3 hr at 4 C, an appreciable amount of cytochrome c was solubilized. The cytochrome that remained in the supernatant solution after centrifugation of the extract at 120,000 x g for 60 min was tested for reactivity with the NADPH-nitrate reductase. The solubilized mitochondrial cytochrome c was reduced by NADH but not by NADPH when these substrates were added in the absence of NADPHnitrate reductase (Table 4 ). There is, thus, some NADH-cytochrome c reductase from the mitochondria that is solubilized by the action of sodium deoxycholate, and it appears to be specific for NADH. The addition of NADPH-nitrate reductase to the mitochondrial extract resulted in the reduction of the cytochrome c by NADPH (Table 4 ). This latter reaction was strongly inhibited by p-chloromercuribenzoate but not by cyanide. The rate of reduction of mitochondrial cytochrome c by NADH was consistently lower in the presence of the NADPH-nitrate reductase, a result which suggests some interaction of NADPHnitrate reductase at or near the site of NADH 
